Abstract. A method is used to retrieve the real part of the refractive index of ambient aerosol particles in the entire vertical column using ground-based measurements of the angular dependence of the spectral sky radiance. The method is applied to smoke aerosol particles using spectral Sun/sky data measured by the AERONET (Aerosol Robotic Network) radiometers in Cuiabfi, Brazil, during the SCAR-B (Smoke, Clouds, and Radiation-Brazil) experiment in 1995. The refractive index is retrieved from comparison between measurements taken in the solar almucantar and calculations using Mie theory. First the aerosol size distribution is derived from sky radiance at scattering angles less then 40 ø , then the refractive index is derived from sky radiances for angles of 20ø-100 ø . In this study, a modification of the method of Nakajima el al. [1983] and Wendisch and yon Hoyningen-Huene [1991, 1992, 1994] is used to determine the real part of the refractive index of aerosol particles using data collected with a Sun/sky radiometer. The method involves Sun/sky measurements, which are affected directly by the aerosol optical properties in the entire atmospheric vertical column. Thus the derived index of refraction will characterize the entire column of the ambient aerosol particles, in undisturbed atmospheric conditions. Since the vertical column contains a mixture of different particles, the derived quantity is an "average" or "effective" index of refraction, hereinafter called the index of refraction for simplicity. Some simulations and a sensitivity study are presented testing the consistency and limitations of the methodology. An application for the Cuiab•i site using data collected during the SCAR-B experiment is also included. Most of the biomass burning aerosol particles in this site are associated with cer-31,893
Introduction
In recent years, there is an increased interest in the role of smoke aerosol particles on climate and climate change. Although concentrated in the tropics, vegetation fire, as a global activity, injects a large amount of gases and particles into the atmosphere [Crutzen and .4ndreae, 1990 
Methodology
The study is based on the minimization of error in the comparison between measured angular distribution of diffuse solar radiation (in reflectance units, •'L/Fo) and a calculated one, varying the real part of the refractive index. Figure 1 summarizes the basic principle. The measurements of direct and diffuse spectral solar radiation were carried out using the AERONET automatic Sun/sky scanning radiometer in the almucantar region [Holben et al., 1996] .
To calculate the diffuse solar radiation, information on size distribution and aerosol optical thickness of the particles are required. Size distribution was retrieved using an inversion scheme proposed by Nakajima et al. [1983] and applied to sky data for the wavelengths of 438, 670, 870, and 1020 nm, simultaneously, varying the real part of the refractive index. With the retrieved size distribution the Nakajima inversion code also estimates the scattering aerosol optical thickness (Tscatt). From direct sunlight measurements, extinction aerosol optical thickness can be derived according to the Beer-Lambert-Bouger attenuation law [Schmid and Wehrli, 1995] , after correction of gas absorption and molecular scattering through the Langley plot method:
V(X) = V0(X)R -2 exp [-m(Oo)r(X)]
(1) The difference between the extinction aerosol optical thickness (text) from direct measurement and Tscat t derived from the inversion of sky radiances is used to estimate the singlescattering albedo [Dubovik et al., this issue], a measure of the aerosol absorption mainly by black carbon. The size distribution, the estimated scattering aerosol optical thickness, and black carbon absorption for a particular value of the real part of the index of refraction are input in a full radiative transfer code of Dave and Gazdag [1970] to calculate the downward irradiance in the almucantar. This code assumes a plane parallel atmosphere with homogeneous spherical Mie particles.
Note that there are some differences between Dave code for forward calculations and Nakajima inversion code. In the Dave code, an atmosphere with a vertical structure consisting of up to 160 homogeneous layers is simulated, whereas in the Nakajima code, only one homogeneous atmospheric layer was used. Furthermore, the treatment of multiple scattering in the Dave code is based on a modified Fourier transform method [Dave and Gazdag, !970], while the Nakajima code uses the discrete ordinate method and the truncation approximation [Nakajima et al., 1983; Nakafima and Tanaka, 1988] . Only sky radiance data for a scattering angle of 30-40 ø were used in the inversion of size distribution (no measurements are possible for angles smaller than 3ø). In this angular region the dominant scattering effect is diffraction of light, which depends on the size of the particles and is independent of the index of refraction and composition [van de Hulst, 1981; Kaufman et al., 1994] . Also, the differences between spheres and nonspherical particles with equal area are negligible at forward scattering angles [West et al., 1997] , and the effect of multiple scattering and reflection from the Earth surface are smaller in this region than for higher scattering angles [Kaufman et al., 1994] .
The predominant absorber in smoke aerosol is black carbon particles which are very small spheres of about 0.05 •m in diameter arranged in clusters, [Martins et al., 
Simulations
The methodology to derive the refractive index was developed using simulations of scattered intensities of solar radiation. To perform the simulations, a two mode lognormal size distribution representing the accumulation (acc) and the coarse (coa) modes was used. Table 1 
The properties of the atmosphere used in the simulation are presented in Table 2 . The spectral surface reflectances used are the same as measured at Cuiabfi, and a solar zenith angle (0o) of 60 ø was chosen. The simulations of the scattered solar intensities were generated using the code of Dave and Gazdag [1970] discussed previously. Using the generated scattered intensities of radiation, volume size distributions were retrieved using the fast inversion code of Nakajima et al. [1983, 1986] , changing the real part of the index of refraction. Figure 2 presents the original and retrieved size distributions. From the figure, it is possible to observe that even using data for an angular region where the influence of the index of refraction is minimum, some dependence on refractive index is still observable, especially for the accumulation mode particles. The retrievals are consistent with the original size distribution model. To confirm the consistency between the independent codes, new scattered radiances were calculated using the retrieved 
RMSELS
The minimum value of the root mean square error is also presented for each considered wavelength. Original value was n,. = 1.50. Table 3 . In this case, no additional errors were added, and the methodology retrieved accurately the index of refraction of 1.5. The maximum absolute difference from the true refractive index was 0.006, detected for the wavelength of 1020 nm, for which the minimum value of the RMSELS was also the highest. In order to illustrate the angular region where the radiance is sensitive to the index of refraction, relative differences between the original and the retrieved scattered radiances were plotted in Figure 3 for the wavelength of 1020 nm. The figure shows that the sky radiance is sensitive to the index of refraction for scattering angles larger than 20 ø. A change in refractive index of 0.05 generates a change in radiance of more than 10%, for the considered wavelength, as can be observed in Figure 3 . The departure from zero of the curve calculated using the correct index of refraction (1.5) is attributed to the difference between the two codes. Better results were observed for the other wavelengths. As previously mentioned, the tests for 1020 nm presented the greatest errors. Therefore it can be concluded that the two codes were compatible, the method to derive the refractive index is not sensitive to the differences between the codes, and the codes can be used in this study.
Sensitivity Study
In this section, results of a sensitivity study to uncertainties in some of the input parameters are discussed. The sensitivity study was applied to investigate the consistency and limitations of the proposed methodology. The approach is considered Figure 4a shows that all the radiance differences become negative as the scattering angle increases. The opposite trend can be seen from Figure  4b . The same pattern was observed for the four wavelengths. rors in the radiances were generated with a Gaussian distribution of mean zero and standard deviation of 12% for scattering angles © < 10 ø and 5% for the other angular region. The test for calibration error was performed assuming an equal displacement for the four wavelengths and also altering each wavelength by a different amount (positive or negatively), randomly chosen. Table 6 -2, +5, and -8% for the wavelengths of 438, 670, 870, and 1020 nm, respectively, to retrieve size distributions. From the figure, it is possible to observe a 5-10% shift from zero of the correct index of refraction (in this case, 1.50). Table 6 shows that for the case using a same error of 7%, the methodology 
The more negative the value of a the smaller the overall size of the particles. Spectral aerosol optical thicknesses for the four wavelengths, precipitable water vapor and the •ngstr6m exponent calculated for 438 and 870 nm wavelengths, a(870,438), for the considered cases are presented in Table 7 . In Table 8 As observed from Table 8 , the determination of the real part of the index of refraction for larger wavelengths was not always possible. In general, the behavior of the retrieved scattered radiances was distinct from the original for larger scattering angles, presenting a similar pattern as if the surface reflectance were underestimated. Figure 7 shows an example for which the retrievals were successful, although the pattern is already observable for the 1020 nm wavelength. In Figure 8 an example for which the singular behavior in the angular distribution of the relative differences was observed for larger wavelengths is presented. The physical explanation for such behavior is still under investigation. The possibility of an underestimated surface reflectance or calibration problems is unlikely. The analyzed data presented in this work were collected using the same instrument for which good retrievals were possible. To explain this angular dependence, a surface reflectance value 2-3 times higher than the considered would be necessary. Such strong variation in surface reflectance in only a few days is improbable. One possible explanation for that behavior is the presence of the large nonspherical mineral dust particles. In the presence of such kind of particles, Mie theory may not be valid [Mishchenko and Travis, 1994 Comparing Figures 9a and 9b , it is possible to observe that for August 17 the contribution of the coarse mode particles to the normalized radiance (calculated for demonstration purposes using single scattering) is significant only for 1020 nm (>20%). On the other hand, for August 10 the importance of the coarse mode is also observable for 870 nm, reaching up to 60% for 1020 nm. Moreover, the decrease of this contribution is less dependent on the scattering angle for the last case than for the preceding one. Such high contribution of coarse mode particles to the radiance at longer wavelengths indicates the possible effect of nonsphericity of the large particles on the sky radiances. Mie theory, used in the present method seems to be consistent only for retrievals of the real part of the index of refraction' at shorter wavelengths.
Conclusions
A method is developed to retrieve the real part of the refractive index of aerosol particles in undisturbed, ambient conditions. A sensitivity study shows that well-calibrated radiometers and knowledge of spectral surface reflectance with a precision better than 30% are required to derive the refractive index within an error of _+0.03. From the investigation of measurements at Cuiabfi, it was observed that smoke aerosol particles present in the region have a mean value of the real part of the index of refraction of 1.55 _ 0.04 at 670 nm. The influence of the precipitable water vapor on the index of refraction was found to be negligible, although a small reduction of the real part of the index of refraction for the 438 nm wavelength was observed. This was expected due to the lowhumidification factors measured in Brazil and the lack of high humidities during the dry season. Note that derivation of the
